The aims of the present study in ewes were 1) to test the hypothesis that apoptosis in granulosa cells is one of the processes involved in the structural demise of follicles and 2) to define the temporal relationships among the occurrence and degree of apoptosis in granulosa cells, aromatase activity, production of cyclic AMP (cAMP) by granulosa cells in response to FSH or LH, concentrations of estradiol 17B (E 2 ) and progesterone in follicular fluid, and the characteristic morphometric changes associated with the process of follicular atresia. To address these aims, ewes were treated with either saline or steroid-free bovine follicular fluid (bFF) at 60 h after estrus, and ovarian follicles -3 mm diameter were recovered at 0, 12, 18, or 24 h later. Apoptotic granulosa cells were identified by the presence of oligonucleosomes after 3'-end labeling of extracted DNA with
mation, based on the intensity of radiolabeling, was given an apoptosis score (AP) of 0 (nondetectable), 1 (slight), 2 (moderate), or 3 (marked). Moreover, a labeling index (LI) was calculated from the amount of radiolabeled ddATP incorporated into low-molecular weight (< 4.2 kb) DNA fragments.
On the basis of morphometric criteria, 73% (141 of 194) of the follicles classified as healthy had apoptotic granulosa cells compared to 86% (18 of 21) of the follicles classified as atretic. In the bFF-but not saline-treated ewes, the concentrations of plasma FSH had declined to basal values at 12 h after treatment. At the beginning of the treatment period, the degree of granulosa cell apoptosis was either undetectable (AP = 0, 47% of follicles) or slight (AP = 1, 44% of follicles) in the majority of follicles. After 12 h from the bFF but not the saline injection, there was a significant increase in the proportion of follicles (-3 mm diameter) per ewe containing apoptotic granulosa cells (p < 0.001) and a significant decrease in the number of follicles per ewe with aromatase activity (p < 0.05) and with follicular fluid E 2 > 20 ng/ml (p < 0.05). By 24 h after bFF treatment, apoptosis was evident in all follicles (-3 mm diameter), fewer follicles contained FSH-responsive granulosa cells in terms of cAMP production (p < 0.05), and none were LH-responsive. A significant negative relationship was found between the degree of granulosa cell death as measured by LI and follicular fluid E 2 concentrations.
In summary, the presence of apoptotic granulosa cells in an appreciable number of follicles considered to be healthy by morphometric criteria and before their commitment to preovulatory enlargement and ovulation suggests that apoptosis may be a physiological process in developing follicles and/or a very early event in atresia. Collectively, these data provide strong evidence
INTRODUCTION
More than 99% of all ovarian follicles in the ewe are destined never to ovulate but instead to undergo atresia at some stage of follicular development [ 1] . In the ewe, atresia of follicles 3 mm in diameter is associated with a decrease in aromatase activity in granulosa cells, in follicular synthesis of cyclic AMP (cAMP) in response to FSH and LH, in concentrations of estradiol 1713 (E 2 ) in follicular fluid [2] [3] [4] , and in the population of granulosa cells [5, 6] . Ovine follicles -3 mm are dependent on LH and/or FSH for their subsequent development [7, 8] . By reducing the plasma concentrations of FSH in ewes with an s.c. injection of bovine follicular fluid (bFF), it is possible to study sequentially the functional and structural demise of gonadotropin-dependent follicles [9-1 1] .
In cows, chickens, pigs, mice, and rats, death of granulosa cells during follicular atresia has been shown to occur by apoptosis-an active, intrinsic, genetically governed process of selective cell deletion [12, 13] . However, in ewes, similar evidence has not previously been reported, although apoptosis has been implicated as the mechanism underlying death of cells in the theca interna [14] , regression of the corpus luteum [15] [16] [17] [18] , and degeneration of cells in the ovarian surface epithelium and apical follicle wall during ovulation [19, 20] . To date, relationships between biochemical indices of granulosa cell function (e.g., aromatase activity or the ability of cells to respond to gonadotropins by producing cAMP) and the occurrence and/or degree of apoptosis have not been evaluated. As a result, temporal changes in biochemical and morphological characteristics associated with the process of atresia have not been defined.
In the ewe, development of a large estrogenic follicle during the follicular phase of the estrous cycle is associated with a widespread increase in atresia (> 80%) among other follicles -2 mm diameter [21] . After the preovulatory LH surge, a new population of follicles -2 mm diameter develops [22] [23] [24] [25] [26] . Plasma E 2 concentrations [21, 24, 27, 28] and ovarian E 2 secretion rates [27] rise from a nadir on Day I to a peak on Day 3 postestrus or postovulation, consistent with the presence of one or more large estrogenic follicles in the ovaries at this time.
For experiments reported here, we examined follicles collected from ewes that had been treated with either saline or steroid-free bFF during the 2-to 3-day postestrous period of antral follicle development. We hypothesized that at the beginning of the treatment period (60 h postestrus) there would be a high prevalence of healthy follicles -3 mm present, in which we could induce atresia and thereby study the temporal progression of morphological and biochemical events that followed. The primary objectives were 1) to test the hypothesis that granulosa cell death during atresia occurs by apoptosis and 2) to define the temporal relationships among the occurrence and degree of granulosa cell apoptosis, aromatase activity, production of cAMP by granulosa cells in response to FSH or LH, concentrations of E 2 and progesterone (P 4 ) in follicular fluid, and the characteristic morphometric changes known to occur during the process of follicular atresia in ewes.
MATERIALS AND METHODS

Experimental Design and Animals
Experiments reported here were conducted in accordance with the 1987 Animal Protection (Codes of Ethical Conduct) Regulations of New Zealand with the approval of the Animal Ethics Committee of the Wallaceville Animal Research Centre.
Parous New Zealand Romney ewes (5-7 yr old, n = 40) were grazed on pasture during the breeding season (April/ May) and run with vasectomized rams fitted with marking harnesses. Ewes received injections of prostaglandin F 2 (125 g Estrumate; Pitman-Moore, Upper Hutt, New Zealand) twice, 10 days apart, and examined for signs of estrus every 6 h beginning 24 h after the second prostaglandin injection. Beginning at 60.0 + 0.3 h (mean SEM; designated TO) after the onset of estrus, ewes (n = 5 ewes/ group) received 5 ml injections of either bFF or saline. Ovaries were recovered at TO, or 12, 18, or 24 h later (groups T12, T18, and T24, respectively). Ewes in group T18 or T24 were given a second injection of saline or bFF 12h after the first. The bFF had been pretreated with dextran-coated charcoal to minimize steroid content, as previously described [10] ; the resulting extract was filtered through 0.45-pxm filters (Falcon; Becton Dickinson & Co., Cockeysville, MD) and stored in 5-ml aliquots at -20°C before use. Jugular venous blood samples were collected from each ewe at 6-h intervals from TO until death. Plasma was recovered and stored frozen at -20°C before determination of FSH concentrations by RIA.
Follicle Classification and Recovery of Granulosa Cells
Ovaries were removed from ewes immediately after death and placed in chilled Dulbecco's Modified Eagle Medium containing glucose, sodium pyruvate, and L-glutamine (Gibco, Grand Island, NY) supplemented with 20 mM Hepes buffer, 0.2 mM 3-isobutyl-l-methylxanthine (IBMX, a phosphodiesterase inhibitor), and 0.1% (w:v) BSA (Sigma, St. Louis, MO) on ice. This medium, designated Medium A, did not contain sodium bicarbonate. All follicles 3 mm diameter were individually dissected free from extraneous tissue under a stereomicroscope, and their diameters were recorded to the nearest 0.1 mm with the aid of an eyepiece graticule. Follicles were incised, and follicular fluid and granulosa cells were collected separately as previously described [3, 11] . To permit comparisons with previous studies, follicles were classified as healthy or atretic according to established morphometric criteria [3, 11] . "Healthy" follicles had a pink or red theca interna, visible thecal blood capillaries (at x 10 magnification), a healthylooking oocyte, (i.e., an oocyte that was spherical with firmly attached cumulus oophorus cells), and no cellular debris in follicular fluid; and contained > 25% of the maximum number of granulosa cells that could be present for a given follicle size (> 25% Gmax). Follicles that did not satisfy all these criteria were classified as atretic.
Within 1-2 min of follicle rupture, a 330-l1 aliquot of granulosa cell suspension from each follicle (i.e., one-third of the volume into which cells were collected) was pipetted into a microfuge tube containing 6 .1 0.5 M EDTA and snap-frozen to -70C for subsequent DNA analysis; a further aliquot was removed for counting in a hemocytometer. The remaining cells were washed and diluted to 100 000 cells per milliliter in Medium A at 4°C, for determination of extant aromatase activity and cAMP response to FSH and LH as described below. Follicular fluid and cells from each individual follicle were collected and processed separately.
Determination of Granulosa Cell Aromatase Activity and cAMP Response to FSH and LH
The ability of granulosa cells to respond to FSH or LH by synthesizing cAMP and to aromatize testosterone to E 2 was determined as previously described [11, 13] , with minor modifications. For the cAMP studies, washed cells (-50 000) in 0.5 ml Medium A were incubated in duplicate or triplicate with either 0.5 ml Medium A alone (control) or with 0.5 ml of Medium A + ovine FSH (5.4 mg/ml Ovagen, batch #1243; Immuno-Chemical Products Ltd., Auckland, New Zealand; biopotency equivalent to 2000 ng/ml NIADDK-oFSH-17), or ovine LH (200 ng/ml NIADDK-oLH-26), at 37°C for 0 or 45 min. Tubes were then heated to 80°C for 15 min, and frozen and stored at -20°C until assayed for cAMP by RIA. Granulosa cell cAMP response was calculated as the difference in cAMP levels between samples incubated for 45 min and the 0-min controls, and expressed as pmol/10 6 cells. For determination of aromatase activity, washed cells (-50 000) in 0.5 ml Medium A were incubated in duplicate or triplicate with either 0.5 ml Medium A alone (control) or with 0.5 ml of Medium A + testosterone (2 mg/ml) for 0 or 3 h at 37°C, and then snap-frozen and stored at -20°C until assayed for E 2 . Aromatase activity was determined as the difference in E 2 levels between samples incubated for 3 h and 0 h controls and expressed as nanograms of E 2 per 106 cells/3 h.
Granulosa Cell DNA Extraction and Analysis
Total cellular DNA was extracted from each sample and quantified by fluorescence assay using 4',6-diamidino-2-phenylindole (DAPI; Sigma) as described in detail elsewhere [13] . Granulosa cell DNA (0.5 mg) from each follicle was then labeled on 3' ends with [ 32 P]a-dideoxy ATP (ddATP; 3000 Ci/mmol; Amersham, Buckinghamshire, UK) using terminal transferase (TdT) enzyme (Boehringer Mannheim NZ Ltd., Auckland, New Zealand) and sizefractionated by electrophoresis in 1.8% (w:v) agarose gels [29] with modifications [13] . After electrophoresis, gels were dried in a slab gel drier at 50°C for 1 h and exposed to Kodak X-Omat AR films (Eastman Kodak Co., Rochester, NY) at -70 0 C for 30-60 min, and films were examined for the presence of oligonucleosome formation indicative of apoptotic cell death. Degree of oligonucleosome formation was subjectively classified on the basis of intensity of radiolabeling as undetected, slight, moderate, or marked ("apoptosis score" [AP] = 0, 1, 2, 3, respectively) as previously described [13] . In addition, an objective measure of the degree of DNA fragmentation in each sample was made by determining the amount of radiolabeled ddATP incorporated into low-molecular weight (< 4.2 kilobase [kb]) DNA fractions by measuring radioactivity in excised gel fragments immersed in a liquid scintillation cocktail. A "labeling index" (LI) was calculated as log 10 counts per minute (cpm) measured for each sample.
Hormone Assays cAMP Concentrations of cAMP in the culture medium were determined by RIA [30] , except that separation of bound from free was accomplished using a second antibody followed by the addition of 2.5 volume 5% (w:v) polyethylene glycol 8000 (Union Carbide Corp., Danbury, CN) just before final centrifugation. Cell culture samples were thawed and assayed directly, giving a measure of total (both intra-and extracellular) cAMP content, [30] . The detection limit was 1 fmol per assay tube, and intra-and interassay coefficients of variation were 8.6% and 8.3%, respectively. E 2 . The concentrations of E 2 in culture medium were determined by RIA in unextracted samples using an antiserum raised in rabbits against 171 estradiol-6-CMO-BSA (i901, batch 001; UCB Bioproducts, Braine-L'Alleud, Belgium) and iodinated-E 2 (estradiol-6-(CMO)-oximino-2-[ 12 5 I]iodohistamine -2000 Ci/mmol; IM 135, Amersham) as tracer [30] . Standard curves were prepared by dissolving 1,3,5[10]-estratriene-3, 171-diol (Sigma) in redistilled ethanol, which was evaporated to dryness and then resuspended and serially diluted in the same culture medium that had been used for the incubation of samples. Concentrations of E 2 in follicular fluid were determined in unextracted samples diluted 1:20 to 1:1000 in assay buffer (0.1 M PBS containing 0.1% w:v gelatin; pH 7.0), using the same antiserum and tracer, and standard curves prepared in assay buffer. The sensitivity of the assays (90% of zero-binding) was -2 pg/assay tube, and intra-and interassay coefficients of variation were < 10%.
P 4 . The concentrations of P 4 (4-pregnene,3,20-dione; Sigma) in follicular fluid were determined by RIA in unextracted samples, diluted 1:10 to 1:1000 in assay buffer, using an antiserum raised in sheep against progesterone-llhemisuccinate-BSA (#C-9817; Bioquest Ltd., Sydney, Australia) and iodinated P 4 (progesterone-l lo -glucuronide-[ 125 I]iodotyramine -2000 Ci/mmol; IM 140, Amersham) as tracer [31] . Standard curves were prepared by dissolving P 4 in redistilled ethanol that was evaporated to dryness and then resuspended and serially diluted in assay buffer. The sensitivity of this assay (90% of zero-binding) was 1 pg/assay tube, and intra-and interassay coefficients of variation were 8.2% and 12.6%.
FSH. The concentrations of FSH in plasma were determined by RIA using antiserum (NIADDK-anti-oFSH-1; AFP-C5288113), iodinated tracer (NIADDK-oFSH-I-1; AFP-5679C), and reference preparation (USDA-oFSH-19-SIAFP-RP-2; AFP-4117A) supplied by the National Hormone and Pituitary Program, Baltimore, MD. The internal standards and standard curve samples were prepared in plasma from a hypophysectomized ewe. All samples from this study were processed in a single assay with a sensitivity of 0.2 ng/ml and an intraassay coefficient of variation of 12.7%.
Statistical Procedures
Counts and proportions of follicles with specific properties (e.g., healthy vs. atretic, as detailed below) determined for each ewe were analyzed for effects of time, treatment, and time-by-treatment interactions using log-linear and logistic regression models and analyses of deviance. Due to overdispersion of the data, approximate F-tests using variation due to animal (nested within level of time and treatment) as error term were constructed [32] to test for all effects. Parameter estimates (e.g., means for each group) were derived from these models and back-transformed with appropriate standard errors or confidence intervals for presentation of results. The General Factorial ANOVA procedure of SPSS [33] was used for all analyses of variance.
Where necessary, data were transformed to conform with assumptions of normality and constant variance. Post hoc comparisons were made using Fisher's protected Least Significant Difference method. Loess regression models [34] were used to examine dependency of LI on aromatase activity, cAMP response to FSH or LH, follicular fluid E 2 and P 4 concentrations, and all possible interactions after log 10 -transformation of all data, using S-Plus computer software [35] . Follicles -8 mm diameter were considered to be abnormal on the basis of histological data and were excluded from all analyses.
RESULTS
Effect of bFF on Plasma FSH Concentrations, Follicle Health, and Granulosa Cell Apoptosis
In bFF-treated ewes, plasma FSH concentrations decreased to basal levels (i.e., -25% of the concentration at TO) within 12 h and remained low for the duration of the experimental period (Fig. 1) . Plasma FSH concentrations did not vary significantly with time in saline-treated control ewes. The number of follicles -3 mm diameter per ewe that were classified as healthy by morphometric criteria did not vary significantly with either time or treatment (p > 0.05), averaging 6.4 over both groups (5.0, 8.1; 95% confidence interval); overall, 86% of the follicles -3 mm diameter were considered to be healthy.
In 73% (141 of 194) of the follicles that were classified as healthy by morphometric criteria, apoptotic granulosa cells were detected. Distinct ladder-like patterns of DNA fragmentation characteristic of apoptosis were evident by 3'-end labeling in cells from these healthy follicles (Fig.  2) , as well as in cells from 86% (18 of 21) of the follicles that were classified as atretic. There was no effect of follicle size. DNA fragmentation was not evident in 3 follicles classified as atretic on the basis of a single subjective criterion (thecal blood capillaries not visible at x 10 magnification). Among follicles classified as healthy, the proportions with AP scores of 0 (nondetectable), 1 (slight), 2 (moderate), or 3 (marked) were 0.27, 0.30, 0.36, and 0.06, respectively. The AP score was highly correlated with quantities of radioactivity measured in low-molecular weight gel frag-· · · · ments (log 10 cpm = LI: Spearman rank correlation coefficient = 0.92). The mean LI was significantly higher for follicles classified as atretic than for follicles classified as healthy (means 4.64 vs. 4.28, sed = 0.06; p = 0.004). The number of follicles per ewe classified as healthy vs. atretic did not vary with time or treatment; however, timeby-treatment interactions were evident for the proportion of follicles per ewe classified by AP score (p < 0.001; Fig.  3 ). Data with AP scores -2 were pooled to simplify these analyses. In the control ewes, the proportion of follicles per ewe without evidence of apoptosis (i.e., AP = 0) remained relatively constant over time at about 0.35, but there was a progressive shift in the proportion of follicles from the "slight" to the "moderate" or "marked" AP categories over the 24-h study period. In contrast, bFF treatment resulted in a pronounced decrease in the proportion of follicles per ewe without evidence of apoptosis, and an increase in the proportion of follicles per ewe classified as "moderately" or "markedly" apoptotic from TO to T24, which was evident by T12 (p < 0.001). By T24, apoptotic granulosa cells were evident in all follicles 3 mm diameter collected from the bFF-treated ewes.
Granulosa Cell Aromatase Activity, cAMP Response to FSH and LH, and Follicular Fluid E 2 and P 4 Concentrations
Aromatase activity and cAMP response to FSH or LH were below the limits of detection in 63%, 28%, and 64% of follicles, respectively. Exploratory analyses of data distributions and relationships among variables including the concentrations of E 2 and P 4 in follicular fluid led to the selection of thresholds and binary classification of responses for subsequent analyses using log-linear models. All except one follicle with aromatase activity > 1 ng/106 cells per 3 h had follicular fluid E 2 :P 4 ratios > 1, follicular fluid E 2 concentrations > 20 ng/ml, and follicular fluid P 4 concentrations < 40 ng/ml. Follicles with aromatase activity > 1 ng/10 6 cells per 3 h invariably had cAMP responses to FSH and LH > 0.2 pmol/10 6 cells. Binary response thresholds for these variables were therefore set at these values.
In bFF-treated ewes, increases in the proportion of follicles per ewe containing apoptotic granulosa cells were associated with decreases in the number of follicles per ewe with granulosa cell aromatase activity (time X treatment interaction, p = 0.005). The number of follicles per ewe with aromatase activity remained relatively constant over time in controls, but in bFF-treated ewes the number decreased by T12 and was zero at T18 and T24 (Fig. 4a) . Changes in the number of follicles per ewe with aromatase activity were paralleled by similar changes in mean follicular fluid E 2 levels. The concentrations of E 2 in follicular fluid remained relatively constant over time in controls, but in bFF-treated ewes had decreased by T12 and were minimal by T18 and T24 (time x treatment interaction, p < 0.001) (Fig. 5a ). Follicular fluid P 4 concentrations decreased over time (p = 0.002) but did not vary significantly between treatments (p > 0.05) (Fig. 5b) .
Treatment with bFF did not significantly affect the number of follicles per ewe containing granulosa cells that produced cAMP in response to FSH (time and treatment effects, p > 0.05), although the number of follicles per ewe with FSH-responsive granulosa cells was lower in bFFtreated ewes than in controls at T24 (p = 0.014) (Fig. 4b) . However, treatment with bFF did significantly decrease the number of follicles per ewe that produced cAMP in response to LH (p < 0.001) and to a greater extent as time increased (time x treatment interaction, p = 0.017). The number of LH-responsive follicles per ewe had decreased compared with controls (p = 0.031, unprotected comparison) by T18 (Fig. 4c) , and, as with aromatase activity, there were no LH-responsive follicles among bFF-treated ewes by T24.
Relationships between Granulosa Cell Function and Evidence of Apoptosis
Apoptotic granulosa cells were detected in 73% of follicles classified as healthy, 36% (13 of 36) of follicles with aromatase activity, 49% (46 of 94) of follicles with follicular fluid E 2 :P 4 ratios > 1, 53% (32 of 60) of follicles with a cAMP response to LH, and 66% (74 of 112) of follicles with a cAMP response to FSH (as defined above). Apop- totic granulosa cells were also detected in 4 of 13 follicles with follicular fluid E 2 levels > 100 ng/ml and in 9 of 21 follicles with follicular fluid E 2 levels > 50 ng/ml. When aromatase activity, cAMP response to FSH or LH, and follicular fluid E 2 and P 4 concentrations were evaluated in regression models as quantitative variables, only E 2 concentration in follicular fluid was significantly related to degree of granulosa cell apoptosis (measured as LI; Loess regression R 2 = 0.47) (Fig. 6 ). Mean follicular fluid E 2 concentrations also decreased (p < 0.001) with increasing AP score: 1.52, 0.84, 0.22, and 0.19 (loglo concentration; sed = 0.05) for AP scores 0, 1, 2, and 3, respectively. No significant interaction between any other variables was detected.
-
G) 5- a A - E 3- < 2- 1 - 0 - 7- , 6- ua 5- 4 - 3 I 2- U) L 1 - u 7- 6- 5- o 4-
DISCUSSION
These results provide biochemical evidence that granulosa cell death during the process of ovarian follicular atresia in ewes occurs by apoptosis, consistent with findings in cows [13] and other species [12] . In this study, granulosa cell apoptosis was evident both in ovarian follicles undergoing spontaneous atresia in controls and in follicles from ewes treated with bFF. At the beginning of the treatment period (TO), namely 60 h postestrus, a population of predominantly healthy follicles was present in all ewes, consistent with the results from earlier histological [5, 23] and more recent ultrasonographic studies [24] [25] [26] . Treatment with bFF resulted in granulosa cell apoptosis within 12-24 h in all follicles, in temporal association with a decrease in granulosa cell aromatase activity and cAMP response to LH. However, changes in these biochemical indices were not reflected by any significant treatment effect on the number or proportion of follicles per ewe that were classified as healthy or atretic by morphometric criteria. Similar effects of bFF treatment on granulosa cell aromatase activity, cAMP response to FSH or LH, follicular fluid E 2 levels, and numbers of follicles classified as healthy by the same morphometric criteria have been previously reported [10] . The temporal pattern of change in aromatase activity and follicular fluid E 2 concentrations evident in our study is also consistent with decreases in ovarian secretion rates of E 2 , [I ]
.U -u .u v*v androstenedione, and inhibin, which decline within 8 h of injection in ovine follicular fluid-treated ewes [36, 37] . Decreases in granulosa cell aromatase activity, the cAMP respose to FSH or LH, [ 125 I]hCG binding to granulosa cells, follicular fluid E 2 concentrations, and thecal androstenedione synthesis also occur during the process of follicular atresia in ewes [2] [3] [4] 38] . Thus the onset of granulosa cell apoptosis and reduction in granulosa cell function (especially the loss of aromatase activity) in gonadotropin-dependent follicles [8] probably reflect very early events in the atresia process.
It is interesting to note that apoptosis was evident among granulosa cells collected from 36% of follicles that had granulosa cells with appreciable aromatase activity, 49% of follicles with follicular fluid E 2 :P 4 ratios > 1, 53% of follicles with LH-responsive granulosa cells, and 66% of follicles that produced appreciable amounts of cAMP in response to FSH. However, neither aromatase activity nor cAMP response to LH or FSH (on a per cell basis) were related to the degree of cell death evident in these follicles. These findings are consistent with our previous results for follicles collected during the luteal phase of the estrous cycle in cows [13] . In that study, 71% of follicles with oligonucleosomes in the DNA from granulosa cells also had measurable aromatase activity, and 80% of the follicles had follicular fluid E 2 :P 4 ratios > 1, but there was no evidence of a relationship between the degree of cell death and either aromatase activity or cAMP production in response to FSH or LH. These findings support the hypothesis that during early atresia granulosa cells begin to die by apoptosis before there is an appreciable decrease in the capacity of the granulosa cell layer as a whole to respond to gonadotropins or to produce E 2 .
Moreover, the present studies show that apoptosis in granulosa cells is not uncommon in gonadotropin-dependent follicles [8] with LH-responsive granulosa cells and/or high follicular fluid levels of E 2 (i.e., > 100 ng/ml). However, these studies do not answer the question whether apoptosis is a normal event in the "selected" preovulatory follicle before ovulation.
We cannot exclude the possibility that methodological factors such as time spent in dissecting follicles contributed to the presence of atresia in granulosa cells in healthy follicles. However, these follicles were all isolated within 30 min of death of the animal, and the granulosa cells were isolated within 2 min of rupture of the follicle. The isolation of follicles was 90-270 min faster than in a previous study on bovine ovaries [13] , yet the findings of apoptosis in healthy follicles in both studies were similar.
In both our present and previous [13] studies, a significant negative relationship between the degree of granulosa cell death (measured as LI) and follicular fluid E 2 concentrations was identified. Moreover, in the present study, this relationship was predominant and independent of the other variables tested in multiple regression models. Since no causal associations can be determined from these data, the observed relationships may simply reflect related changes that occur as follicular atresia progresses, e.g., an increasing prevalence of granulosa cell death and/or the accumulation of apoptotic (atretic) bodies [5, 6] accompanied by decreasing follicular fluid E 2 concentrations, probably resulting from the loss of granulosa cell aromatase activity [2, 38] .
The biochemical changes indicative of granulosa cell health and overall function that were evident in bFF-treated ewes probably resulted (at least in part) from the marked reduction in circulating FSH concentrations that occurred within 12 h of the first bFF injection. The observed reduction in FSH levels was similar to that previously reported and associated with the induction of atresia in follicles of similar size in ewes [9] [10] [11] . Bovine and/or ovine follicular fluid may contain a factor(s) that acts directly (i.e., not associated with decreased plasma FSH concentrations) on large follicles to induce atresia and suppress ovarian E 2 secretion [9, 37, 39] , but it is also known that these effects may be overcome by concurrent treatment with exogenous FSH [11, 37] . Thus, regardless of whether follicular fluid treatment acts via suppression of circulating FSH levels or via direct inhibitory effects on gonadotropin-dependent follicles, it appears that its effect ultimately modulates an FSH-dependent process(es).
It has been suggested that 3'-end labeling of fragmented DNA does not distinguish apoptotic cell death from necrotic cell death [40] . The authors of that study emphasized the importance of the concurrent demonstration of the morphological features of apoptosis in degenerating cells. In a parallel study using the same bFF-treated ewe model as described here [41] , we demonstrated both specific labeling and the distinct features of apoptosis in the same cells. These data show unequivocally that apoptosis is the major cause of cell deletion in this experimental model.
In summary, these results show that granulosa cell death during the process of ovarian follicular atresia in ewes occurs by apoptosis, consistent with findings for other mammalian and avian species. They also suggest that loss of aromatase activity, gonadotropin responsiveness, and apoptosis are asynchronous events in the membrana granulosa of ovarian follicles undergoing atresia. From the interrelationships among these variables, it appears that during the process of atresia, ovine granulosa cells in gonadotropindependent follicles may die by apoptosis before there is an appreciable decrease in the capacity of the granulosa cell layer as a whole to respond to gonadotropins or to synthesize E 2 . We suggest that, in addition to this role in atresia, apoptosis may be a normal event (albeit at low prevalence) in healthy gonadotropin-dependent follicles before their commitment to preovulatory enlargement and ovulation.
